We have developed a new solar irradiation model and implemented it in the SunIrradiance photovoltaic cell/module simulator. This model uses stochastic methods to generate the hourly distribution of solar irradiation on a horizontal or inclined surface from monthly irradiation values on the horizontal surface of a selected location and was verified with the measured irradiance data in Ljubljana, located in Central Europe. The new model shows better simulation results with regard to the share of the diffuse irradiation in the region than the other models. The simulation results show that the new solar irradiation model is excellent for photovoltaic system simulations of single junction PV technologies.
Introduction
The research of photovoltaic (PV) flat plate technology requires the simulations of all PV devices from solar cells [1] to PV modules. On the solar cell level, the irradiance data are not a crucial parameter, since the standard AM1.5 spectrum normalized to the total intensity of 1000 W/m 2 [2] is used to evaluate the solar cell's performance. The same AM1.5 spectrum is normally used for the simulations of PV modules. Also, the output power of a fabricated PV module is declared with the AM1.5 spectrum under standard test conditions (STC) [3] . But when PV modules or PV systems are simulated and evaluated under real outdoor conditions [4] , the STC have to be upgraded to outdoor conditions (OC). This demands a suitable solar irradiation model that simulates the real hourly solar irradiation ( ℎ ) reliably. Although the spectral information of the light source is very appreciated during the characterisation procedure of solar cells and PV modules, it has less importance in the PV system simulations. The spectral information in OC is relevant only if thin-film multijunction solar cells are used. Otherwise, the hourly values of (direct and diffuse) irradiation data are sufficient to simulate the performance of a PV module or system.
Several spectral irradiance and irradiation models have been developed during the last two or three decades [5, 6] , but most of them cover only the clear sky conditions. The models differ with regard to their complexity or the number of input parameters. The simplest ASHRAE model [6] is based on the empirically defined parameters and does not use any weather parameters, while the Bird [5] or REST2 [7] models use 6 or 8 atmospheric parameters to calculate the clear-sky irradiance. A good comparison between 18 clear-sky irradiance models was made by Gueymard [6] . The quality of a model does not directly correlate with the number of input parameters, but from Gueymard's comparison we can conclude that the models with less than 2 atmospheric input parameters are simple but more location dependent and therefore unreliable for universal use.
The modelling of the cloudy sky irradiance [8, 9] is very difficult and is more related to local weather conditions.
In our in-house developed solar cell and PV module simulation program named SunIrradiance, we use the standard AM1.5 spectrum for the STC simulations or the Bird [5] spectral irradiance model upgraded for the cloudy sky conditions (BirdUpg) when outdoor conditions are analysed. As cloudy sky conditions were modelled only for a few places in Slovenia, we were seeking for a more universal irradiation model. The commercially available irradiation simulators like Meteonorm cannot be integrated in our simulation program and due to the interpolation of the input parameters usually cannot simulate solar irradiation for Slovenia truthfully. They 2 International Journal of Photoenergy normally can simulate the global irradiation, but they exhibit an error when the information on the diffuse light is needed. In this paper we are presenting a new, recently developed solar irradiation model (SISIM) for inclined surfaces where only the monthly values of solar irradiation are used as an input.
New Solar Irradiation Model SISIM for Horizontal Surfaces
SunIrradiance was developed to simulate the behaviour of solar cells and PV modules under STC or any real outdoor conditions [10] . The program uses the one-diode model to simulate the IV characteristics of the solar cell:
where and are solar cell's voltage and current, and sh are series and shunt resistances, and 0 and ph are the saturation current and the photocurrent of the cell, respectively. The ph , , and sh are irradiance dependent; 0 and ph are temperature dependent parameters. In case of the BirdUpg model, the photocurrent is calculated from the modelled spectral irradiance model taking into account the energy gap limit of the cell. When the new SISIM model is used, the photocurrent is calculated simply by dividing the cell's ph current at STC with 1000 W/m 2 and multiplying it by the simulated irradiance value.
In the current SunIrradiance BirdUpg model, the cloudiness over a year is modelled empirically from the measured irradiance values over the last decade in Slovenia by changing the aerosol optical depth (AOD). The new irradiation model for inclined surfaces is based on the average monthly global irradiation ( ) values derived from the recently developed and published Slovenian horizontal global solar irradiation database [11] . The global horizontal irradiation (H) was modelled with the help of 10-year measuring of the global and diffuse irradiation at 7 meteorological stations in Slovenia and additional 19 meteorological stations with the measurement of values only. values are calculated by the use of the Markov transition matrices MTM [13] . The methodology for the calculation of the daily clearness index , was first presented by Aguiar et al. [13] and used with changed matrices in Meteonorm [14] . The MTM method assumes a correlation between the irradiation values of consecutive days. It consists of 9 10 × 10 matrices for the monthly clearness index from 0.1 to 1.0 in a step of 0.1. The , of the previous day defines the row of the matrix. Afterwards, the values in the row are summed up to the column when the sum is greater than a random number defined by a generator with a uniform distribution between 0 and 1. The actual clearness index for the day , is then defined as a linear interpolation of the interval [13] . The daily clearness index , in the simulation procedure is limited between 0.05 and 1.0, absolutely, with a maximum overshot of 5% over the clear sky clearness index. On a monthly basis the average , must not deviate from the monthly value by more than 1%. Finally the daily irradiation values are scaled to fit the monthly input values.
After the successful daily irradiation routine, an hourly irradiation routine takes place. A time-dependent, autoregressive, Gaussian model (TAG) [15] for calculating the synthetic ℎ is used for the simulation of ℎ . In the TAG model, first the estimated hourly clearness index ℎ is calculated from the clear sky values:
where ℎ, , , and , are global hourly clear-sky, daily, and daily clear-sky irradiation values, respectively. The actual hourly clearness index ,ℎ is defined as
with
where 0 is a first-order autocorrelation, is the standard deviation, and is the normally distributed random variable. The functions are defined in accordance with the Aguiar and Collares-Pereira [15] and METEONORM [14] . Similar to the daily irradiation procedure, the hourly irradiation procedure also has some general restrictions. The hourly clearness index ,ℎ can be up to 5% greater than the clear sky index. To avoid irregular values in the morning and evening hours the ,ℎ is limited to 0.8 for solar zenith angles over 80 ∘ . The hourly procedure is repeated until the daily sum of the ℎ values deviates from the value by less than 1%. By multiplying the hourly clearness index ,ℎ by 0 , the solar irradiation on a horizontal plane is defined. To calculate the irradiation on an inclined surface ( poa ), the information of the diffuse part of the light ( dif ) is needed. In our SunIrradiance simulation program three diffuse models are incorporated: Maxwell [16] , Louche [17] , and Reindl-2 [18, 19] . While the Maxwell and the Reindl-2 models need additional information of the air mass value and solar elevation angle, respectively, the Louche model uses only the information of the clearness index and extraterrestrial irradiation. All three models showed more or less good simulation results on a yearly basis during the validation procedure for Ljubljana, but the deviations of the monthly irradiation diffuse fractions were too high. Therefore we additionally implement a modified Louche model in SunIrradiance. The modifications were made on the polynomial fit of the direct 
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The seasonal curves are presented in Figure 1 (b). With these four equations we could obtain a very good fit to the real diffuse fractions in the monthly solar irradiations.
Verification of the SISIM. The new irradiation model
SISIM was verified using a step-by-step procedure from the final global-to-diffuse irradiation step back to the first daily clearness index calculation step. Since long-term data are not needed for the model verification, we used global and diffuse irradiation data measured during the last three years in Ljubljana, Slovenia, with the annual share of the diffuse irradiation between 40 and 50%. The solar irradiation conditions in Ljubljana are similar to those of other locations in Central Europe.
The global-to-diffuse irradiation procedure is one of the most critical modelling parts. The procedure works fine with the averaged solar irradiation data, but with the real measured one-year data the deviations are larger since the used diffuse model is based empirically on the long-term data and cannot predict deviations of the atmospheric parameters. As it can be seen from the left-hand graph in Figure 1 , the measured dir / 0 values deviate from the fitted one. The verification of the global-to-diffuse step was made by using the measured ℎ as an input. The measured and simulated monthly-diffuse to-global irradiation ratios in the year 2011 in Ljubljana are presented in Figure 2 .
In case of Ljubljana it can be seen from Figure 2 that simulations are in good agreement with the measurements over the whole year, even though the share of the diffuse irradiation deviates from the expected cosine curve (summer months and November) in the observed year. The average deviation of the simulated data is +3% with the maximum monthly deviations of +12% in March and −6% in July, relatively. The error of the diffuse-to-global irradiation ratio on a yearly basis is +0.3%, absolutely. Other simulated years in case of Ljubljana show even smaller monthly deviations.
The verification of the daily-to-hourly irradiation procedure was made by using the measured as an input and checking the final simulated ℎ after the global-to-diffuse irradiation step with the measured ℎ including also the uncertainty of the global-to-diffuse step. The relative deviation of the simulated ℎ values compared to the measured ones is presented in Figure 3 .
The average deviation of the simulated ℎ values is −1.5%, relatively, while the absolute deviation stays mostly below 3-4%, which confirms the quality of the model.
The verification of the monthly-to-daily irradiation procedure is irrelevant since the model allows a 1% deviation of the monthly values which is at the end eliminated by scaling the daily values to fit the input . The histogram of ℎ makes another good comparison of different simulation models and measurements. A histogram directly compares the dynamics of the hourly averaged solar irradiance over the whole year. Figure 4 shows the histogram of the measured and simulated horizontal annual solar energy distribution in Ljubljana. The measured values were averaged over the period between 2008 and 2011. For the comparison we add also the results from the Meteonorm 7 (MN7) [14, 20] commercial simulation software for Ljubljana.
The comparison of distribution profiles (Figure 4 (a)) shows that both simulation models (SISIM and MN7) overpredict cloudier days (G < 300 W/m 2 ). The MN7 also overpredicts the partially cloudy days (300 < G < 500 W/m 2 ), while the SISIM deviates at very clear sky conditions. 
Solar Irradiation on the Inclined Surfaces
A solar irradiation model is not useful for simulations unless it calculates the irradiation on the inclined surfaces. In SunIrradiance we use the most used and cited Perez et al. [21] model for the calculation of the in-plane irradiation. The irradiation on an inclined surface poa is defined as
where , dif , and are direct (beam), diffuse, and global irradiation on the horizontal surface, respectively; 1 and 2 are coefficients expressing the degree of circumsolar and horizon/zenith anisotropy; , , and are the angle of incidence, the zenith angle, and the surface inclination angle.
The verification was made similarly as in the other steps with the input values of the hourly diffuse and direct irradiation. In case of Ljubljana and a south oriented surface with an inclination angle of 30 ∘ (Figure 5 ), the simulations deviate from the measured values for around ±10%, relatively, except for irradiations below 200 Wh/m 2 where the deviations are up to 40%. The average deviation is zero. Higher uncertainties at lower irradiations (<200 Wh/m 2 ) are mostly due to higher zenith angles where also the uncertainty of the measured values is higher due to the uncertainties of the pyranometer. and inclination angle of a PV module in Slovenia. In Figure 6 , irradiation maps for the horizontal and the south oriented surface with an inclination angle of 30 ∘ is presented.
Simulations of the PV Module Performance
The simulation of a PV system always starts on the PV module level. In a PV system the module results are then simply multiplied by the number of modules in a PV array and further connected to an inverter. The PV system's performance is then simulated straight forward by adding the DC cabling losses, inverter performance, and AC cabling losses. In this paper we will limit our presentation to a simulation of the energy output of a single 230 W PV module made of 60 multicrystalline solar cells. The parameters of the onediode model (see Section 2) of the PV module were derived from the measured IV curves under STC and different weather conditions. The ambient temperature air is taken from the monthly averaged long-term temperatures and average daily temperature deviations in Ljubljana. The data are obtained from the Slovenian Meteorological Agency [22] . The daily ambient temperature variation is defined as a linear change with the lowest value at sunrise and the highest value in the middle of the noon-sunset time interval. The module temperature module is calculated from and in-plane irradiation poa as
The annual energy production of the modelled PV module with an inclination angle of 30 ∘ and south orientation was simulated with the BirdUpg model [5] and with the new SISIM model. Both simulation results are presented in Figure 7 .
The energy yield of the module using BirdUpg and SISIM is 1296 Wh/Wp and 1244 Wh/Wp, respectively. As it can be seen from Figure 7 , the BirdUpg model gives a more smooth energy distribution over a year while the SISIM simulates the real irradiation better with higher irradiance intensity deviations over a year.
From the simulation results we can conclude that the SISIM simulates the daily and monthly variations more realistically than the BirdUpg spectral irradiance model. The new model is a good tool for the simulation of PV systems where the daily variations are important when simulating inverter and cabling losses. The new irradiation model together with the Slovenian irradiation database gives the possibility to simulate the PV system performance at any location in Slovenia and not only at a limited number of places where weather data of cloudiness are available. On the contrary, the spectral irradiance model is still necessary for the simulation of PV modules made of multijunction solar cells where the spectral information of the irradiance is needed for accurate energy prediction.
Conclusion
A new solar irradiation model was developed for Slovenia and Central Europe. The model calculates the hourly solar irradiation on an inclined surface from the known monthly horizontal global irradiation data. The new model together with the Slovenian irradiation database gives the best possibility to simulate the solar irradiation in the region.
The model uses stochastic models to generate hourly values from the monthly global irradiation values on the horizontal surface. With the help of the measured diffuse and global solar irradiation data in Slovenia, the global-to-diffuse irradiation calculation step was modified. In the SISIM, seasonal polynomial fits of the diffuse-to-extraterrestrial irradiation ratios are used and are in very good agreement with the measurements. In total, the new SISIM exhibits an average simulation error of the horizontal solar irradiation of a few percents.
The new solar irradiation model is implemented in our in-house developed simulation program SunIrradiance. SunIrradiance enables the simulation of the whole PV chain from solar cells to PV systems. The SISIM model exhibits a far better simulation of the annual energy production in PV systems than the previously used spectral irradiation model. The hourly solar irradiation values simulated with the SISIM have a higher and more realistic annual irradiation intensity deviation than with the old BirdUpg model. The new SISIM model was developed and verified for weather conditions in Ljubljana, Slovenia, but as Ljubljana is located in Central Europe, the model is valid also for any location in this region or even worldwide if the corresponding local input data are used.
